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Points of clarification

« Most probable energy loss Ap:
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where ¢ = (K/2) (Z/A) (x/3%) MeV for a detector of thickness X.

So, Ap is a function of thickness, whereas dE/dx is not: A, Ix oc @ + b Inx
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Points of clarification

 Momentum error due to multiple scattering
— this formula is, in fact, correct:

olp,)| _28MeV — p,

X 0
D; 0.3-BL Bcp

— so0, at high momentum, the factor

Pr — const.

Bep

2
— Another way to see this: sagitta s o 0.38L , MS angle 6, oci
8 pep
1 O'(S) 1

e this implies " (S) oc — ,

SO
fep s ﬂcp "B

— FYI: Old PDG Reviews (e.g. 1996) had whole sections on tracking
in magnetic fields. Deleted in more modern versions
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Silicon Detectors

Lecture 2:
e Algorithmic Techniques for Pattern Recognition,

Fitting
e Tracking system designs




Solid State Tracking Detectors

« Why Silicon?
— crystalline silicon band gap is 1.1 eV (c.f. ~20eV for typical gases)
« yields 80 electron-hole pairs/um for minimume-ionizing track
— (1 e-h pair per 3.6 eV of deposited energy )
« 99.9% of ejected electrons have less than 1um path length
— fine-granularity devices can easily be made
— detector performance could be as good as emulsion/bubble chamber

— Integrated Circuit manufacturing techniques make just about anything
possible, and at industrial prices

* no real need to “home-grow” these detectors
* just buy what you need...

UNIVERSITY OF
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Silicon Basics

» Detection still based on collecting electrons from dE/dx in material
« semiconductor structure:

electrons excited (thermally or
otherwise) into Conduction band

volsnee Band [EREEIRE sHdm]  become mobile

Centupton band

Liberated electrons will drift under the
influence of an applied voltage

» the problem: recombination

— many, many more free charge carriers in a semiconductor than what
is liberated through ionization = electrons re-combine with holes

UNIVERSITY OF
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Silicon Basics: Doping and PN

7

* The solution(s): 1. modify material structure

P-type silicon has h
electron acceptor °
(hole donor) atoms (B)

added to create level

additional hole states
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N-type silicon has
electron donor
atoms (P) added to
create additional
electron states

2. Modify charge structure: put P and N together (PN Junction)

— in thermal equilibrium, Fermi levels become equal due to drift of
electrons/holes across junction
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Near junction, electrons
bind to hole sites, creating
negative ions, leaving
positive ions behind. Bulk
E-field stops motion of
more particles =
Depletion region: no free
charge carriers!
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Silicon Basics: PN Junction, Bias

3. Apply a voltage to suppress bulk E field, increase size of
depletion layer to encompass entire volume: “Reverse Bias”

At the depletion voltage, no more free charge
— __+  carriers exist in the semiconductor; any additional
e-h pairs generated can drift to the edges

In reality, use bulk silicon of one type, make “electrodes” out of the

other type: Al SiO, insulator
detectors
necessarily
more i
- n* layer (more dopin
F complicated e P) ~,
]
R. Wallny
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SSTDs: Silicon Microstrips

* The easiest thing to do is put down sensor lines, read out at end

« Charge sharing improves position resolution:

 Typical pitch width: 50um — 200um
D% « one strip: width/v12
2.4 + two stips: width/4

« more than two: width/2
9 Mike Hildreth — Charged Particle Tracking &g%ﬁﬁsﬁiﬁﬁ Eﬂfﬂ
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SSTDs: Silicon Microstrips

« Exquisitely complicated micro-mechanical construction

Sensor

adout Hybrid
hips

, graphite frame
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SSTDs: Silicon Microstrips

* inherently 2-D: go to double-sided (or glue sensors at an angle
for stereo) for r-z, but still 2-D devices

* “shingle” geometry common
— full azimuthal coverage

Vertex Drift Chamber
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SSTDs: Pixels

« CCDs (charge-coupled devices) (what's in your digital camera)
— how do they work? N

| ¢ gates Buried n ~ | Fre

| L . . channel
nlayer o —— “ Thin depletion layer; HFRER]
Depletion e active p-type epitaxial N
edge ~20um layer of ~20um; I
active - generated charge ~ - q
reflected off of p* I N I I ¢ tpixel
— — — —4 O AN x x
/" (edge) o mmm mmm S = N o substrate and [ e
eventually collected s J T 1T N o*channel
] = - »‘.'_1 S Rl p c anne
u 1
v y s EEEEEE Stf’lp )
g ALy - i polysiicon
7 C. Dammerell op 'Ll @F\ SLELE T o] Tl gates
4 -111-,.10,:!_:'-'; } Icn | | | | | | iR ¢ gates
Particle trajectory

e

Remote
preamp

A 4

SLD VXDa3:
« 3x108 pixels

Complicated pixel structure built on
surface; Readout is serial — | shifts
move each row down, R-¢ shifts
read out the columns. Can take
100ms to read out a large detector

» world-record for
collider detector hit

resolution: ~4um
H technology still advancing...
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SSTDs: Hybrid Pixels

» Use fast, intelligent, rad-hard devices for high-occupancy

environments

— sensors separate from readout electronics — bonded together

under-bump metal

front end
electronics

-+— bump connection

sensor



Pixel Modules and systems

Signal Cable
* layer assembly — 9

: — LV& HV Cable

ATLAS Pixels:

50x400 pum
1x108 channels

CMS Pixels:
100x150 pum




SSTDs: Issues

» Support infrastructure
— even with miniature electronics, lots of power dissipated
« cooling necessary in active volume
— detectors tend to be "thick™ — lots of material from supports, sensors

; ATLAS
;c 2_5:|'| T T | T I.l T TT T TTT T 1T T TTT1 | T IﬁlElx-tl T | |I T | T T
ema
=t - (CMS 1S B Supportsiother |
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j - — . 1
® L [ Cooling _
= - worse) [ Electronics .
0o - ] Active ’
& 1.5+ [ Beam-pipe —
5 B ]
[0 - ]
o B ]
1~ ]
0.5 y
e _ LEP,
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« $$%/um?

— even with miniaturization, channels cost money
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Tracking Vocabulary

17

« “track” : a parametric representation of a charged particle’s trajectory

— usually calculated from the positions of hits in one or more particle
detectors assumed to come from a single particle traversing their
sensitive areas

« “hit” : a signal or group of adjacent signals in a single layer of a
tracking detector that originates from the passage of a single charged
particle. Also often called a “cluster”

» “error” : the expected resolution of a hit.

— can vary with the angle of incidence of the track, the number of hit
elements, drift time, etc.
 “pattern recognition” : the process of selecting a group of hits from
different layers of a tracking detector that is geometrically consistent
with originating from a single charged particle

— the hardest part of tracking, algorithmically

UNIVERSITY OF
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Tracking Vocabulary

« “fitting” : the process of calculating the parameters of the particle’s
trajectory using the hit positions and errors

— can be done iteratively or in a single pass through the hits collected by
the pattern recognition algorithm

 “error matrix” : the (usually) 5x5 covariance matrix that gives the
uncertainties on the track parameters

* “multiple scattering” : the inevitable deviation of particle paths from a
perfect curve caused by coulomb interactions with matter

» “energy loss” : ionization loss caused by interactions of the charged
particle with the matter of the detector and ancillary material

UNIVERSITY OF
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Track Parameters

* When tracking in a solenoidal magnetic field, particle trajectories
are assumed to be helical, at least locally

— 5 (or 6) parameters needed to define the trajectory
« several choices possible

« some better than others for things like high-precision vertexing
or extrapolation several meters to outside detectors

 round-off or numerical precision errors can play a role
— a common parameterization is to use
* (C,¢y,d5,4,2p), Where
c = %R, where R is the radius of curvature
@, is the direction of the track at the closest point to (0,0)
do is the distance of closest approach to (x =0,y = 0)
Ais cotd, = polar angle measured up from beam axis

Z, is the z position of the track when it is at its distance of
closest approach to (x =0,y =0)

UNIVERSITY OF
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Tracking: Steps

* First, have to find track candidates:

— “Pattern Recognition”
* Then (or simultaneously) we need to estimate the track

parameters
— “Fitting”
* The Trick:
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Pattern Recognition: Road-Following

« Simplest to understand, not optimal in some cases

» Subset of well-separated hits (and possibly a beam spot) are
used to create initial track hypotheses

« Candidate tracks are extrapolated to next detector layers to add
potential new hits, refine track parameters, continue

expectation
ellipse

hits on track /

candidate modified

..... /rajectories

extrapolation
direction

* Viable as long as branching is controlled (by truncation, by low
occupancy, or by superior hit/parameter resolution)

21 August 20-23, 2010 Mike Hildreth - Charged Particle Tracking NOTRE DAME



Pattern Recognition: Hough Transform

Paul Hough, 1962
« Simultaneously test all track hypotheses for all possible hits

« Set up an accumulator that records a list of all possible track hypotheses
for a given hit: each (x,y) point (a) corresponds to a line in (p,4,) space,
where pis curvature, and ¢, is the initial angle (b)

» each hit on the track
corresponds to a different
line in p—¢ space (c)

« if the plane is divided up into
bins (d), the bin containing
the maximum number of
track contributions gives the
correct common track
parameters

« can be made more clever by
adapting bin size, etc.

» generally used to select hits

O = N W & 1o N

UNIVERSITY OF
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Track Fitting: Least Squares

following P. Avery

» Generic problem is to take a set of measurements ¥; and use them
to estimate a set of track parameters o such that iy; = f;(«). If we
take an initial guess o, at the parameters and make a linear
expansion around that solution, we get

y1 = filaa) + (0f1/0ci) (i — cva )
« This allows us to define a y2 measure measuroment
X =D (= filaa) = Aoy — aap)’/of —
x
= (y — flaa) — Ala —a4)) V' (v — f(as) — A(aa — a))
= (Ay — A(a—aa))' V' (Ay - A(a — ay))

where Ay =y — f(as) and Ay, = 0f;(a) /0., is a matrix of
constant derivatives. Vy is the covariance matrix of the
measurements.

UNIVERSITY OF
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Track Fitting: Least Squares

* We want the parameter estimation that minimizes the distance
between the measured points and the fitted track, so we set

a=ay+ VATV 1Ay where V4= (ATV 1A)™!

|deally, one iterates to get the best estimate of the parameters «

* This method has several problems:
— it only works well if all of the points are independent
* many correlated points require inversion of a huge matrix
— all of the points have equal weight
« democratic, but not physical

— Unfortunately, Multiple Scattering and Energy Loss introduce
correlations between one hit and the next

* V, is not diagonal
» closest hits contribute most to determination of local track
parameters

UNIVERSITY OF
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Kalman Filter

Kalman, 1960, Billoir, 1984

« An alternate method exists that allows sequential refinement of
the track parameters while including Multiple Scattering and
Energy Loss effects in the correct way. Itis completely
equivalent to the least-squares fit if these effects are small.

« Assume we have an initial estimate of track parameters o, and
their covariance matrix V , at point 1. We can extrapolate these
to point 2, and do it correctly, if we modify o, by adding energy
loss (a1 — «})and modify the covariance matrix by putting in
MS and Eloss (V,1 — V/41). The new y? can be written

Ax® = (Ayy — Asg(az — 0))" Vi (Ays — Ag(az — ap))

meas 2

‘\ncorporates new point 2

INTx71—1 /
+ (G.Q - G’.l) V (}rl(a’«Z - ﬂl) '\ measurements
pulls of track parameters away

from previous fitted values

* As before, Ay, is the vector of residuals before the fit, and A, is
the matrix of track parameter derivatives evaluated at Point 2.

UNIVERSITY OF
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Kalman Filter

« we can solve for the minimum in the y2 the same way, yielding

o + Vi A3V

Ay, incorporates
info from

AoV, 1 ) —1  previous point

%)

Va2 =Va, =Va1(1+A3V_!

meas 2

meas 2

« With some matrix trickery, and if only one measurement is being
added, things get much simpler:

[
S
_|_
<
o
K
>
~
<

2

Va1ALT AV,
03-2 + AsV,1 Ag

Va2 =Vay3=Va1—

* no matrix inversion needed! Can be very fast...

UNIVERSITY OF
85
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Kalman Filter

« Uses all of the information = gives optimal fit

* Traces track parameters from one end to the other
— best determination is always where it finishes

— “Smoothing” step sometimes necessary if one wishes to extrapolate
somewhere from other end of the track

 start with optimal parameters at one end, run filter backwards

« Fast: adding single hits one at a time can be done with minimal
calculation

o ( can be used in pattern recognition in conjunction with the
Road-following algorithm)

« Can also be used when Multiple Scattering and Energy loss are
large (ATLAS & CMS)

« Comment: who would have thought major advances in track
fitting algorithms could happen as late as the '80s and '90s?

UNIVERSITY OF
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Truncations and Modifications

* In general, generic track finding fails miserably in high-occupancy
environments

— too many fakes, or takes way too long...
« Compromises to efficiency are necessary to speed things up:

P
Only find tracks that Only find higher momentum Limit number of missed
originate near the IP tracks (min p; cut) layers and/or extrapolation

residual
28 August 20-23, 2010 Mike Hildreth — Charged Particle Tracking



Comments on Pattern Rec., Fitting

* The name of the game is minimizing CPU consumption

— any old algorithm will eventually work
« days/eventisn’t tenable...
» design considerations paramount in quest for speed
« “generic” is almost never optimal

— compromises in efficiency for speed are sometimes necessary
* there is no perfect algorithm

— speed optimization by mathematical trickery is a good thing
 cleverness always preferred to brute force

— algorithm implementation is also crucial
« the optimal algorithm can still be poorly coded

« Oh, yeah, it has to be efficient, too, i.e., find all of the tracks

— usually the easy part...
— unless you worry about fakes in high-occupancy environments...

UNIVERSITY OF
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Designing Tracking Systems

* Previously, we had an expression for momentum resolution:

v [THeas .

olp) 9. Pr g4
p, | 03B

— where N is the number of hits with resolution o, transverse to the
particle direction

» Of course, transverse momentum (p-) isn’t the only coordinate!

— in order to reconstruct a 4-vector, we need to measure the entire
trajectory as precisely as possible

— in particular, we need some measurement of the zZ position (along
the beam direction) along the trajectory to get z, and A
— can be trlcky most of our detectors are inherently 2-Dimensional:

-
-

e.g. r-z silicon ——————————H+ or two strip 9
using double- ol detectors ~
metal: each hit 7 glued with ///
generates e ———— small stereo /
ghosts (N!) T T W T 11 IR angle 0 fewer ghosts; resolution

full resolution on z on Z degrades as 1/sin0
UNIVERSITY OF
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Impact Parameter Measurement

* Physics Example: B*—J/WYK* XY projection
[mm] XY Projection
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Impact Parameter Measurement

 Distance of closest approach to Primary Vertex must be
measured precisely enough to observe secondary decays

— B lifetime ~1.6 ps = )75 = - 500 um

— generally accomplished by adding high-precision measurements (in
Xy and rz) as near to the interaction point (beampipe) as possible

A particle

: c,=0

Glibd make these as small

n

E o7 G 2= as possible
1
r1{ [I%[HI]Z[Z:%H]-— beam pipe \ / \ \

= impact parameter = 2 - D
1 2
( 02) + ( 01)

from G. Herten

7

o

™ — N

/ /

implies thin beampipe

L1

S
c,>0

Ob

c,=0 ==

g9 2 — 1

F1{
g X UNIVERSITYOF
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Design Criteria

Physics-motivated, of course...
* Good Momentum Resolution
— combination of large B, L
— large N, or small o, to compensate
— small number of radiation lengths (minimal material)
» Good Impact Parameter Resolution
— thin/small beampipe
— high-precision detectors very close to IP
« Good Efficiency
— hermetic
» Robust against high occupancy
— granularity (small effective detector size)
— fast (information from ~few beam crossings at most)

33 August 20-23, 2010 Mike Hildreth — Charged Particle Tracking
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Engineering Design Criteria

34

But you have to be able to build it!
Must also design for:
 Manageable System Size

— $%%/channel
— readout electronics, cables, etc.

Support Structure

— thermal and mechanical stresses
Services

— HV, cooling, data conduits, etc.
Ease of installation/maintenance
Radiation Hardness

Redundancy

— not quite a satellite launch, but these systems will need to survive
for long periods in a harsh environment

UNIVERSITY OF
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Parameter Resolution Evolution

From ALICE: study of momentum resolution budget

kel R » As expected, MS and Eloss
3 é‘":""'muh,me Scatte,.m'g contributions scale as 1/ and
— §measurement and allgnment 1/p+, respectively
| e ienergy Ioss quctuatlons WARE ,
2.5 R A | EN7AE Rl * Note that MS doesn’t

asymptotically approach zero

N

» total amount of material
does matter!

RN
(&)

 Alignment/resolution effects
dominate at high p

Relative Momentum Resolution (%)

0.5 ,
0 — EEES S ———
10

1
Transverse Momentum (GeV/c)
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Parameter Resolution Evolution \:itr:i:i

%o, o

« ALICE: Angular resolution with/without vertex constraint

© _,__ polar angle = constrain tracks to come from
Es | h | - e the found collision point for each
.E a2|mut a ange event
3t ‘N « Same MS and Eloss effects
e 4 i\ o determine angular resolution
R « TPC geometry + Pixels insures
g that polar and azimuthal angles
3 BV are measured equally well
1 ¥ Wlthout vertex constralnt ) prot(])cfn-ptrtor’:on \r/]ertex has less of
= NN =single track | - an effect than heavy-ion
resolution « Why?
TN NS « asymptotic vertex resolution
1 i L _ - only reached at about 1000
1 heavy-ions? tracks/vertex!
ol protonproton”” T
[ [ | _1 I [ I I [ ‘ I T |
10

1
Transverse Momentum (GeV/c)
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Parameter Resolution Evolution

 ALICE: momentum vs. B field

25 R | IR ‘
I ITS in 0.2 T magnetic f|eld
=== TS in 0.3 T magnetic field
e [TS in 0.4 T magnetic field e
— TPC stand aléne lh 02T magnetlc f'e|d , ,"

Increasing B field improves pr
resolution as expected

Relative Momentum Resolution (%)

Additional measurements
with superior position

0 resolution of ITS dominate
momentum error at high p
B8l * exira measurements close
0 T T IR to the origin constrain

10 1 10
Transverse Momentum (GeV/c) curvature

UNIVERSITY OF
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Tevatron Trackers

* Note: neither experiment at the Tevatron has pixels. Why?
— Design choices frozen ~1997
— hybrid pixel technology not mature at that time

« or even to be considered for Run Ilb upgrades
~ same scale:

n=0 n=1
. Central Central Calorimeter
Muon Chambers P

| s— Wall
1 Calorimeter (H)

-
-
-----

-
-

-
-
----
-

-----------

Silicon Central
Forward
Tracker

Calorimeter g
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Tevatron Trackers

» Side-by-side comparison m
y p N END WALL
2.0 — HADRON
- CAL. 0
_ 30
15 SOLENOID| ,*
- £ i
— ,’ [am g
’ T i
- ’,/ E g
- 1.0 — Ve = O =
= A% =0 [in = 2.0
m [ SRR i i cort| 9 5
- o Preshower = / S %
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- Solenoid — e g g
05 = n=2 - = B ,” - 3 i
LT —— Fiber Tracker =L — = o a - 3.0
-~ - p - c Z =
- - —— = — ’/ ‘__4 E o
| 3 ﬂ H_ — = P e 30
L Taaak - Silicon Trackere— et 7 ’__‘—-" __________
. i “I““r--r—-% A e )
e i TR = 0 = I | IT1 | T 11 | | LI | T 11 | T 1T 1 | 1
e (T VA Y W (Y N G - I (AN [ e NN (AR |
o o o 0 5 \I;LO 1.5 2.0 2.5 3.0 m
SVvX 1l INTERMEDIATE
5 LAYERS SILICON LAYERS

Magnetic tracking: upgrade that had
to fit in existing calorimeter

2T Magnetic Field

large tracking volume
1.4T Magnetic Field

maximum radius (L) = 1.37m

maximum radius (L) = 0.52m

length: ~3.1m

length: ~2.5m

UNIVERSITY OF
85
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Tevatron Trackers

e Quter Trackers:

CDF Central Outer Tracker:
» 96 layers of sense wires

« single hit resolution 140um

« full coverage || <1.0

* o(pr)/pr = 0.15% x pr (GeV)

« combined with silicon, hit count plus large L
gives superior track resolution overall

D@ Central Fiber Tracker:
» 8 barrels of fibers: 16 hits

» 77k fibers: 200 km of scintillating fiber
and 800 km of clear fiber for readout

« single hit resolution 100um

« full coverage || <1.7

e * o(pr)/pr = 0.17% x pr (GeV)
40 August 20-23, 2010 Mike Hildreth — Charged Particle Tracking 1{118%( EES[I)XEV([)E
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Tevatron Trackers

» Silicon Detectors Uy &

svxu{:ﬁt " A

90 cm

41 August 20-23, 2010
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CDF:
Barrel-only structure
722k channels

Layer0O0 on beampipe

full coverage || < 2.0
o, =35 um @ p;=2 GeV

DJ:

e Barrels and disks
800k channels

Layer O on beampipe

full coverage || < 2.5

o, = 15 um for p:>10 GeV

UNIVERSITY OF
85

NOTRE DAME



LHC Design Solutions

« Start Small: Collider Pixel Detectors ATLAS Pixels:

CMS Pixels: 50400

7x107 channels

8x107 channels

G (z) ~ o (re) ~ 15um * 6 (rp) ~10um, o (z) ~ 115um

« 3 barrel layers: r= 4.3cm, 7.2cm, 11.0cm « 3 barrel layers: r= 5cm, 9cm, 12cm
* [n]<1.6 e |n|<1.9
« 2disks: 1.8<|n| <24 « 3disks: 1.9<|np|<2.5
* Tracking volume: ~1m long, 0.2m radius « Tracking volume: ~1.6m long, 0.2m radius
« 1.06 m? of silicon 1.8 m? of silicon

UNIVERSITY OF
85
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"F
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HaproN G;,
z

S i Z e ? caHl.::zr.- .

« Some parts of CMS are still small...

LHC pixel detectors ~ same size as

Tevatron Silicon Trackers!
half of Barrel Pixels: under construction v !

UNIVERSITY OF
]
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Main Tracking Systems: ATLAS

I —\

s S|

- cemmmmemmm g ===y
-

il -.'illg Hl "'.I‘.l.i] I‘Iu I||"|| "Ilflh.l .\I.IHI I

2.1m

x \{ Barrel semiconductor tracker
Pixel detectors

Barrel fransition radiation fracker

End-cap transition radiation fracker

End-cap semiconductor tfracker

UNIVERSITY OF
BES
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Main Tracking Systems: ATLAS Barrel

("R =1082 mm

TRT<
\_R =554 mm

(R=514 mm

R =443 mm

scT4
R=371 mm

LR =299 mm

B

2T

R=122.5 mm
Pixels { R = 88.5 mm
R =50.5 mm
R=0mm1

45 August 20-23, 2010

TRT

SCT

Pixels

Mike Hildreth — Charged Particle Tracking

TRT:

 ~100k channels
» ~36 hits/track
* single hit o, = 130um

SCT:

* 6.3M channels

* 4 double barrel layers
» 80mrad stereo angle
= strip pitch 80 um
= binary readout

Performance: (7= 0)
* o(pr)/pr =

0.038% x p;(GeV)
* o,= 11 um

@ pr=1TeV

UNIVERSITY OF
85
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Main Tracking Systems: ATLAS Endcap

1106 mm

617 mm
560 mm

275 mm
149.6 mm
88.8 mm

R=0 mm

2720.2 2505
2710 2115.2

ML o

AL 1399.7

1091.5 g34 848
SCTe nd-cap 1299.9

8538 g5 0 4005
TRT end-cap 495

i z=0 mm
ixel .
end-cap Pixel barre

TRT: 160 straw planes, 0.85 < |z| < 2.7m
« 250k channels

SCT: 9 double sided-disks (radial+40mrad)
« 1.5<|n|<25

Performance: (= 2.5)
* o(pr)/pr = 0.11% x pr (GeV)

o =11Tum @ p;=1TeV
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HADROM

some nice event displays & LES

UNIVERSITY OF
85
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B Endcap (TEQ)

B nner Disks (T1D)

- Outer Barrel {TOB)

B rixel Endcap (TPE)
B nner Barrel (T1B)
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ERMIg
'F -I&‘
HADRON
COLLIDER

some nice event displays
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Muon systems: also trackers!

Monitored Drift-Tube _
Chambers (MDTs) Complicated systems:

» Must track with good precision
 nasty magnetic field variation
» must be fast enough to trigger

| ATLAS:
« four different technologies

huge area: 10,000m?

1 M channels

high-precision!

highly-evolved internal
alignment system

\
P = e
e
o

Thin-Gap Cathode-Strip
Chambers Chambers
Chamber resolution (RMS) in | Measurements/track Number of

Type | Function z/R ) time | barrel end-cap chambers channels
MDT | tracking 35 um (z) — — 20 20 1088 (1150) | 339k (354k)
CSC | tracking 40 um (R) 5 mm 7 ns — 4 32 30.7k

RPC trigger 10 mm (z) 10mm | 1.5ns 6 — 544 (606) 359k (373k)
TGC trigger 2-6mm (R) | 3-7mm | 4ns — 9 3588 318k Efa




More muons

HADROM
COLLIDER

Detector Drift Tubes Cathode Strip Chambers Resistive Plate _
Function Tracking Tracking BXID ]
Pr trigger Py trigger Pr frigger CMS 5
BXID BXID Resolve tracking ' }
ambiguities
1 region 0.0-1.3 0.9-24 0.0-2.1 .
Channels 195000 Strips 273024 80640 | 80642 Barrel: Drift Tubes
Wire groups 210816
Spatial per wire 250 um R® (6 pts) 75 pum A
resolution R® (6/8 pts) 100 pm (outer CSCs) 150 pum Cell size { \
(0) Z (3/4pts) 150 um | R(6pts) (15-50)/+/72 um o _ o
Time resolution 5 ns 6 ns 3 ns |_ E E  Field off E —| E
b~ & & | 8
. 4 o N -
 Three technologies L® - T_ o5 F| | e
. n=0. |
+ all subsystems do timing, 7.430m — : — 7.380m
i — 6.955m — 7.000 m
BX resolution I\ 2 YB/2/3 YB/1/3 YB/0/3
w
« 840k channels . =  5975m
n=1.479 S S S YB/2/2 YB/1/2 YB/0/2
w w T
Endcap: Cathode __ = (M= = Ll BB 4905 m
St ; Ch b 3 YB/2/1 YB/1/1 YB/0/1 )
rp amoers i il MB/2/1 || e/ | | me/oit |
£ | s = e — 4.020 m
g A3 T~ 2| | ST T T e
) L
: CB/0
steel for absorbtion, - 2 -|_ > i 1  sosom
flux ret %24 L < = ' '
ux return =4 SIM - - 2.700'm \
T _ w (N | & S i HB/M
_ g B o [BLYEN 5 HE/M-_|
n=3 .._E = w 1.711 m I~ — 941_5[_11_1. SR —1.811m
=30 BN = " N\ EB1
= _-_-_-_-_' —_—
HF1 e
| |
n =531 | | R e =
™ —_— 0.00 m
|
EE E EE E E E EE E E E E é
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Inner
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ALICE Tracking

HV electrode (100 kV)

field cage

optimized for dE/dX, stand-alone particle
tracking for p; < 100 MeV/c

high-density, low-rate environment » Most ambitious TPC ever constructed

— 2.7 M channels d 77777 « 557k readout pads
SDDs: 133k channels / - total drift time 92us

— transverse drift A .
% )_ + 1000 samples per drift time

Pixels: 15.6M channels e ?/' =

o, = 20pm, o, = 100um @ p;= 10 GeV

» 8000 particles per unit of rapidity!

) O-(pT)/pT - 0450/0 X pT(GeV) UNIVERSITY OF
August 20-23, 2010 NOTRE DAME Efﬂ



ALICE event pictures

UNIVERSITY OF
85
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LHCD

e Single-arm spectrometer:

— very different geometry vy Magret ECAl

— similar requirements on
precision/resolution Vertex

Locator _

'FERM'L‘M‘

Haprow
COLLIDER

P
sumHEs s2m
“o,DJ

M
SPD/PS HCAL

T3 RICH2

i

MI

Extremely high-rate environment
High-precision vertexing

Five separate tracking planes

Dipole for momentum measurement
Muon system: MWPC or triple GEMs

premium placed on thin detectors

UNIVERSITY OF
85
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LHCDb VErtex LOcator (VELO)

e
[ ]

21 VELO stations (r and ¢ silicon sensors)
— sensor pitch 35-100um
— 2x2048 channels per station

placed in a secondary vacuum vessel
3cm separation, 8mm from beam!
separated by a 300 um of Al RF foil
detector halves retractable for injection
4um resolution, ~5um variation fill-to-fill

Silicon

Sensors

57



Beam’s eye view

L

il

A VELO half during installation

from V. Gibson




LHCb: other tracking

TT:

 four planes of Silicon Strips
- — 0°, +5°, -5°, 0° (XUVX)
= 1 — 183um readout pitch

— 55um resolution/hit

— 8.2 m?; 140k channels

218 cm
41.4 cm

IT:

 three stations of Silicon Strips
— 4 XUVX layers each

A / ‘\\\ .
T/ / ws MF M\ — 198 um readout pitch
smi- /) SPD/PS gy M2 \\ 3 . .

TRR WL ] \ \ — 55um resolution/hit

[ eV ST 1§ o0 — 4 m?; 130k channels

- SNNN OT:

L. » three layers of straw tubes

| — each 0°, +5°, -5°, 0° (XUVX)
— dmm straws

— 250um resolution/hit

— 56k channels

Ny
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LHCb: other tracking

TT:

 four planes of Silicon Strips
— 0°, +5°, -5°, 0° (XUVX)

218 cm
414 em

4 — 183um readout pitch
— 55um resolution/hit
— 8.2 m?; 140k channels
\ . IT:
T ] « three stations of Silicon Strips
— 4 XUVX layers each
— 198 dout pitch
Performance: S. Borghi (ICHEP) hm rea ?u pI_C
— 55um resolution/hit
* Primary vertex resolution (x,y,z): _ 4 m2 130k channels
 achieved (16, 15, 91) um oT:
« expect (11, 11, 57) um * three layers of straw tubes
« Impact parameter resolution (both planes): — each 0%, +57, -5°, 0% (XUVX)
achieved 16um, expect 11um ultimatel ~ omm straws
Hm, eXp H Y — 250um resolution/hit
* o(Pr)/pr ~ 0.45% x py(GeV) — 56k channels

UNIVERSITY OF
85
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Engineering considerations
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Services:

 Example: CMS

Microstrip tracker piels

~210 m?2 of silicon, 9.3M channels ~1 m? of silicon, 66M channels
73k APV25s, 38k optical links, 440 FEDs 16k ROCs, 2k olinks, 40 FEDs
27 module types 8 module types

~34kW ~3.6kW (post-rad)

— Translations: APV = ROC = readout chip, FED = front end electronics
— 40k individual optical links for readout: thousands of cables
— Mechanicaily complicated: 35 different structures x thousands of pieces
— Cooling! ~ 40kW to conduct out of a volume cooled to -10C
— Don't forget about support structure engineering:

* must be stiff, thin, with zero thermal expansion coefficient
— built-in alignment infrastructure: Laser systems, other optics

UNIVERSITY OF
BES
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Cost per channel (CHF)

ALICE | ATLAS LHCb

pixel sensors 0.02 0.05 0.02 3.23
pixel Total 0.17 0.18 0.13 24.56
Si Strips 1.88 3.46 0.99 9.82
Si Total 5.82 7.23 6.68 24.71
Outer Sensors 7.68 25.39 49.47
Outer Total 30.60 48.40 169.14
(Tlféalj IS)OSt 35976 77211 70685 21055

* Note: My numbers, taken from TDRs and inflation-adjusted to 2004 CHF
 for LHCb, pixel = VELO
* looks like CMS got a volume discount

» ATLAS cost breakdown for sensors probably includes some other items

» silicon sensors are very cheap compared to infrastructure, readout electronics
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Conclusions

+ All “modern” experiments require state-of-the-art tracking systems
— highest possible resolution commensurate with cost, engineering
— performance parameters not that different overall

UNIVERSITY OF
85
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pP-n junctions and Reverse Bias
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